Genetic variation in humans is sometimes described as being discontinuous among continents or among groups of individuals, and by some this has been interpreted as genetic support for "races." A recent study in which >350 microsatellites were studied in a global sample of humans showed that they could be grouped according to their continental origin, and this was widely interpreted as evidence for a discrete distribution of human genetic diversity. Here, we investigate how study design can influence such conclusions. Our results show that when individuals are sampled homogeneously from around the globe, the pattern seen is one of gradients of allele frequencies that extend over the entire world, rather than discrete clusters. Therefore, there is no reason to assume that major genetic discontinuities exist between different continents or "races."
Early studies on human diversity showed that most genetic diversity was found between individuals rather than between populations or continents (e.g., Boyd 1950; Lewontin 1972) and that variation in human diversity is best described by geographic clines (Livingstone 1962; Cavalli-Sforza et al. 1994) . In spite of this, many recent studies using DNA polymorphisms have suggested that human genetic diversity is organized in continental clades (Cavalli-Sforza et al. 1988; Bowcock and Cavalli-Sforza 1991; Bowcock et al. 1994; Jorde et al. 1995; Nei and Takezaki 1996; Tishkoff et al. 1996; Mountain and Cavalli-Sforza 1997; Perez-Lezaun et al. 1997; Calafell et al. 1998; Stephens et al. 2001; Bamshad et al. 2003 ). An understanding of how genetic diversity is structured in the human species is not only of anthropological and political importance, but also of medical relevance. For example, if major differences in allele frequencies exist between populations, individuals from different origins may often be expected to respond differently to medical treatments (Wilson et al. 2001) . In agreement with this, it was recently suggested that "race" represents a useful proxy for genetic susceptibility in clinical practice and medical interventions (Risch et al. 2002) . Furthermore, an understanding of population structure is of crucial importance for efforts to identify disease genes by association with marker loci (Lander and Schork 1994; Cardon and Bell 2001) . However, it is not obvious how best to approach the question of how human genetic diversity is structured.
One issue of central importance is how samples are collected. For historical and practical reasons, the approach most commonly used is to collect individuals from "populations" (such as "Norwegians," "Yorubas," "Ashkenazi Jews") defined by cultural traits such as a shared language, shared religion, or shared myths of origins. Under such sampling schemes, populations considered to be "admixed," as well as individuals of "mixed ancestry," are often excluded from sampling (Bowcock and Cavalli-Sforza 1991) . One problem with this approach may be that the cultural traits used to define "populations" are at the most a few thousand years old and often substantially younger. In addition, it is often not known if these populations represent any relevant reproductive units in humans even a few generations back in time. An alternative approach is to sample humans according to geography without regard to cultural traits. Although this approach has been advocated (e.g., King and Motulsky 2002; Kittles and Weiss 2003) , it has not been widely implemented because of logistical difficulties. However, studies of genetic diversity from restricted geographical areas, where large numbers of individuals are sampled and a reasonable geographic coverage of the variation is achieved, generally reveal spatial gradients of allele frequencies (Barbujani et al. 1995; Krings et al. 1999; Ding et al. 2000; Rosser et al. 2000; Karafet et al. 2001 ) that are only occasionally disrupted by local discontinuities corresponding to linguistic or geographical barriers Sokal et al. 1990 ). This suggests that isolation by distance (i.e., decreasing gene flow with increasing geographical distances) may be the most appropriate description of human genetic diversity . In contrast, worldwide studies of human diversity based on "populations" generally find that individuals cluster discretely depending on their continents of origin (Cavalli-Sforza et al. 1988; Bowcock and Cavalli-Sforza 1991; Bowcock et al. 1994; Jorde et al. 1995; Nei and Takezaki 1996; Tishkoff et al. 1996; Mountain and CavalliSforza 1997; Perez-Lezaun et al. 1997; Calafell et al. 1998; Stephens et al. 2001; Bamshad et al. 2003) , and this is sometimes taken to mean that human genetic diversity is structured according to "race" (Risch et al. 2002; Burchard et al. 2003) . The discrepancy in results between regional and global surveys of human genetic diversity could suggest that gradients in allele frequencies are restricted to smaller geographic regions, whereas the continents are distinguished by discontinuities in genetic diversity. Alternatively, they may result from differences in study design (suggested, e.g., by Kittles and Weiss 2003) .
To understand if worldwide genetic diversity is best described as discrete units (an "island model"; Wright 1969) or by continuous variation in allele frequencies ("isolation by distance"; Wright 1969), we have explored the influence of study design on investigations of human diversity. We find that if sampling is based on individuals and geography rather than on "populations," gradual variation and isolation by distance on a worldwide scale are better representations of global genetic diversity than are discontinuities among continents or "races."
RESULTS

Influence of Sampling Strategy
To determine the influence of the sampling strategy on the view of genetic diversity in humans, we first conducted a small study in which we compared two sampling schemes. The first data set (Fig. 1A) is published and based on populations. It consists of 89 individuals sampled from 15 populations (Jorde et al. 1995 (Jorde et al. , 1997 . In contrast, the second data set (Fig. 1B) is based on geography and consists of 90 individuals from 52 different populations, selected such that their geographic distribution around the world approximates the distribution of the human population as a whole and includes areas where Africa, Asia, and Europe meet.
Genotype data from 20 unlinked autosomal microsatellites were collected for the individuals of the second data set and were used together with genotype data for the same microsatellite loci in the first data set to infer the extent to which substructure can be detected in the two data sets by the program Structure (Pritchard et al. 2000) . This program takes genotype data from individuals without considering their origin and infers populations (called "inferred populations" below) to which the individuals are assigned in such a way that linkage disequilibrium as well as Hardy-Weinberg disequilibrium are minimized within each inferred population. Each analyzed individual can belong to one or several inferred populations according to its "coefficients of ancestry." When two inferred populations are used to analyze the population-based data set (Fig. 1A) , most individuals (83%) are estimated to belong to either one or the other of the two inferred populations with high coefficients of ancestry (100%-85%; Fig. 1C ). Moreover, one of the inferred populations is made up of African individuals and the other of non-African individuals, suggesting a division in the human gene pool between Africans and non-Africans. In contrast, in the geography-based data set in which the sampling is based on individuals rather than populations, all individuals are estimated to be 40%-50% admixed between two inferred populations, and no qualitative difference between Africans and non-Africans can be detected (Fig. 1D) .
Thus, the population-based sampling scheme results in a view of human diversity that suggests two discrete continental units of diversity. In contrast, when individuals that cover the geographic distribution of humans across the continents better (albeit still imperfectly) are used, no such subdivision is observed. Given the small number of markers and individuals analyzed, this result does not mean that no genetic subdivision exists among humans. However, it demonstrates that the difference seen between individuals from different continents when relatively few individuals and few markers are analyzed can be due to the discontinuous sampling scheme that results from basing the sampling on "populations," which often come from the extremes of continental land masses (Fig. 1A) . 
A Robust Representation of the Human Genetic Diversity?
Recently, 1066 individuals from the CEPH human genome diversity cell line panel (referred to here as the CEPH diversity panel; Cann et al. 2002) were genotyped for 377 autosomal microsatellites (http://research.marshfieldclinic.org/). This is the largest study of human genetic diversity to date. Rosenberg et al. (2002) used the program Structure to describe different levels of substructure in these data. Although the authors note that they see admixture between inferred populations, they found strong evidence of continental clustering, with individuals grouping in inferred populations according to their geographical origin with high coefficients of ancestry. For example, when they used three inferred populations, they could assign individuals from Africa to one population, individuals from Europe and central Asia to another, and individuals from East Asia and America to a third population. With four inferred populations, Native Americans separated from the East Asian group. However, it is worth noting that the assignments of individuals to inferred populations were not stable when the number of inferred populations was changed: Some individuals drastically changed their coefficients of ancestry between inferred populations when the number of inferred populations was increased. Moreover, the assignment of the individuals in different inferred populations cannot be easily interpreted in terms of population history because Structure does not give any indication of the relevance of these units nor of their differentiation with regard to the other inferred populations. For example, in Rosenberg et al. (2002) , the Kalash population from Pakistan splits from the Eurasian populations when six inferred populations are used (K = 6), whereas the Kalash can hardly be interpreted as a major subdivision of the human species. It is thus difficult to evaluate whether human genetic diversity is best represented by the results given by Structure for two, five, 10, or any other number of inferred populations.
We tested if it is possible to find an assignment of the individuals of the CEPH diversity panel that remains stable when the number of inferred populations is increased above any particular number. The analyses performed by Rosenberg et al. (2002) use a model in which the allele frequencies in the inferred populations at each locus are correlated with each other. The choice of this model is presumably based on the assumption that all human populations originated from a single ancestral source population quite recently. We tested if it is possible to find a stable assignment of the individuals to inferred populations using a model in which allele frequencies in the inferred populations are allowed to be independent of each other. This would best represent a situation in which colonizations of various parts of the world originated from ancestral populations in which genetic drift would have been strong enough to allow microsatellite allele frequencies to become independent from each other (see, e.g., Harpending and Rogers 2000) . This would also represent a situation in which archaic human populations (e.g., the Neandertals) contributed at some locations to the gene pool of early modern humans. When the 1066 individuals of the CEPH diversity panel are analyzed using a model of uncorrelated allele frequencies, the results are similar to those found by Rosenberg et al. (2002) , with slightly lower coefficients of ancestry. Additionally, as in Rosenberg et al. (2002) , some individuals change their assignment drastically when inferred populations are added (data not shown). Thus, when the whole data set is analyzed, the choice of the model does not change the results, but neither does it allow finding a stable representation of human genetic diversity.
However, as indicated by the results described in Figure 1 , a sampling strategy that maximizes the geographic distribution of samples and keeps similar sample size for each geographical area may be essential to avoid the creation of apparent substructures. We therefore analyzed subsamples of the individuals of the CEPH diversity panel that equalized the number of individuals per population. Three different such subsamples were constructed by sampling, where possible, five different individuals from each of the 52 populations present in the CEPH diversity panel. Using a model of uncorrelated allele frequencies, the results are very different from those when the entire CEPH diversity panel is analyzed. For all three subsamples, the assignment of the individuals to inferred populations differs if we consider two, three, or four inferred populations. However, when more than four inferred populations are considered, the assignment of the individuals is identical to that of the four inferred populations, and no individual was assigned >1% ancestry from the additional inferred populations. Interestingly, the assignments of the individuals of all three subsamples in four inferred populations are very similar to each other despite the fact that they are mostly composed of different individuals. When the first subsample is analyzed using a model of correlated allele frequencies (i.e., the model used in Rosenberg et al. 2002) , the results are very similar to those found by Rosenberg et al. (2002) , despite the reduced number of individuals analyzed (261 individuals instead of 1061). Thus, the assignment of individuals to inferred populations changes when the numbers of inferred populations are changed, and individuals tend to cluster according to continents. For example, for K = 4, individuals from Africa, Europe, America, and Asia/Oceania group together with high coefficients of ancestry (Supplemental Fig. 1 ). It is, therefore, unlikely that the results obtained by analyzing three subsamples of the CEPH diversity panel with a model of uncorrelated allele frequencies is the result of a lack of power caused by a reduced number of individuals while it leads to a robust solution.
Thus, a geographically homogeneous worldwide sampling of humans and analysis of the data with a model in which the allele frequencies in the inferred populations are allowed to be Figure 2 shows the proportion of admixture from each of the four inferred populations (termed A-D) for each of the 261 individuals of the first subsample given by Structure using a model of uncorrelated allele frequencies. In contrast to the results obtained by Rosenberg et al. (2002) , most individuals are found to be highly admixed between two or three of the inferred populations. In Africa, individuals show admixture from the inferred populations A, B, and C. Eurasian and Oceanian individuals show admixture of the inferred populations A and B, whereas Native Americans exhibit admixture from the inferred populations B and D.
Worldwide Patterns of Admixture
Notably, and in contrast to the finding of discrete continental clustering often reported in the literature, three major geographical gradients become apparent. In Africa, a north-south gradient is seen. Thus, individuals from Kenya, as well as the only individual from the Nile Valley in the panel, have a lower contribution from inferred population C than Pygmy individuals in the Democratic Republic of Congo and the Central African Republic. The latter, in turn, have a lower contribution of the inferred population C than the San individuals from Namibia (data not shown). Sub-Saharans and the only North Africans in the panel (Mozabites from Algeria) appear to be distinct in this analysis. The latter have a 5%-10% admixture from inferred population C but fall closer to Eurasians than to other African individuals. However, it is likely that the lack of individuals from other regions of North Africa in the diversity panel is responsible for this apparent separation between Sub-Saharan Africans and North Africans because gene frequencies in Egypt and Ethiopia are known to be intermediate between Europe and sub-Saharan Africa (Passarino et al. 1998; Krings et al. 1999; Chen et al. 2000; Manni et al. 2002) .
In Eurasia, genetic affiliation of individuals changes gradually with longitude ( Fig. 3) such that western European individuals are at one end of a gradient and Southeast Asian individuals at the other. Oceanian individuals tend to fall on the eastern extremity of the Eurasian gradient, with similar patterns of admixture in Melanesians as in Southeast Asians. Papuans have a 1%-10% proportion of admixture from inferred population D that is otherwise represented only in Native American individuals.
In the Americas, the genetic variation is similarly organized according to a geographical gradient. All individuals show mixed ancestry composed of inferred population B (the Asian/Oceanian end of the Eurasian gradient) and inferred population D, found only in Native Americans. Mexican individuals are closer to Asians, whereas Native Americans from Brazil are at the other extreme of the gradient, with Colombian individuals in an intermediate position. A discontinuity is apparent between Native Americans and East Asians on Figure 2 . However, it is worth noting that it corresponds to a "sampling gap," with no native individuals from North America sampled in the CEPH diversity panel.
DISCUSSION Populations Versus Individuals
Our results show that population-based sampling schemes such as the one depicted in Figure 1A produce views of the human genetic diversity characterized by discrete units of diversity that tend to correspond to continents. This is especially true for samples in which few geographically disconnected populations from different continents are sampled. In contrast, when individuals that better cover the geographic distribution of humans across continents (Fig. 1B) are sampled, the human gene pool no longer appears to be composed of discrete clusters. It is noteworthy that the discrete clusters described by Rosenberg et al. (2002) from analyzing more than one thousand individuals of the CEPH diversity panel might be caused by discontinuities in the sampling, because when samples that have equal numbers of individuals of each population are analyzed (Fig. 2) , the inferred populations yielded by Structure do not match continents or geographical regions but represent theoretical "populations" in which all individuals show admixture to at least two such "populations." Therefore, when the aim is to investigate genetic diversity on a worldwide scale, we recommend an approach in which individuals from as many localities as possible are sampled. Sampling schemes based on populations should only be used if the aim of the study is to unravel the history of these specific populations or their relationship with surrounding populations (e.g., the origin and relationships of the different Polynesian populations; Kayser et al. 2000) .
Representations of Worldwide Human Genetic Diversity
The high degree of clustering of genetic diversity according to populations described by Rosenberg et al. (2002) for the CEPH diversity panel is in disagreement with our results obtained by analyzing subsamples of the CEPH diversity panel that equalize population sizes, and a model of uncorrelated allele frequencies. It should not be overlooked, however, that this disagreement is Figure 3 Geographic representation of the proportion of ancestry in inferred population B obtained by Structure. Red dots represent individuals defined by their longitude (x-axis), latitude (y-axis), and coefficient of ancestry (z-axis) in the inferred population B. The surface of the world was fitted to the xyz coordinates using a distance weighted least-squares smoothing method.
largely a result of how the data are depicted and discussed, because the genetic units described by Rosenberg et al. (2002) often correspond to a splitting of the gradients we observe into several smaller inferred populations. For example, in America, we find evidence of an allele frequency cline whereas Rosenberg et al. (2002) assign all individuals to five inferred populations that correspond to their populations of origin (Fig. 4) . Thus, whereas Rosenberg's group investigates whether individuals can be assigned to culturally predefined populations on the basis of their genotypes, we investigate the patterns of relatedness across the human gene pool. The goals of the two approaches are both valid but clearly distinct. However, it is important to stress that when the goal of a study is to identify the geographical origin of one individual (e.g., in forensics) by his/her genotype, the results will be very dependent on the populations used as references and to their genetic relatedness with the sample investigated.
Clines, Not "Races"
Using a homogeneous sampling strategy and a model in which allele frequencies in the different inferred populations are allowed to be independent, we find a stable and reproducible representation of human genetic diversity in which the extent of admixture between individuals in Eurasia and the Americas changes continuously with geographical distance without any major discontinuities (Figs. 2 and 3) . Between Eurasia and Africa, the Mediterranean Sea does not seem to act as a major barrier because people from Algeria are similar to people from western Europe except for an ∼10% admixture from inferred population C. Between Eurasia and the Americas, the lack of individuals from North America in the CEPH diversity panel limits the ability to draw conclusions. However, it is interesting that Mayan individuals from Mexico are more similar to East Asian individuals than are individuals in South America. In the light of these results, and in agreement with extensive studies of classical genetic markers , it seems that gradual variation and isolation by distance rather than major genetic discontinuities is typical of global human genetic diversity. Obviously, this does not imply that genetic discontinuities do not exist on a more local scale, for example, between people from different linguistic groups (e.g., Barbujani and Sokal 1990; Sokal et al. 1990 ).
It also does not mean that no differences whatsoever exist between continental groups. In fact, what Rosenberg et al. (2002) have shown is that given enough markers and the extraordinary power of Structure, the tiny amounts of genetic differences that exist between continents can also be discerned. However, this should not obscure the fact that on a worldwide scale, clines are a better representation of the human diversity than clades, and that continents do not represent more substantial discontinuities in such clines than many other geographical and cultural barriers.
That clines are a more adequate representation of human genetic diversity than clades is not unexpected in view of earlier works that show that most genetic variation is found among individuals rather than among continents (e.g., Boyd 1950; Livingstone 1962; Lewontin 1972; Cavalli-Sforza et al. 1994) . In fact, also in the current data set, 87.6% percent of the total diversity is found among individuals and only 9.2% among continents (Excoffier and Hamilton 2003), in agreement with many previous studies (e.g. Lewontin 1972; Owens and King 1999 ; but see also Edwards 2003) . The current results are also not unexpected in view of the fact that identical DNA sequences of several kilobases are found on different continents (Kaessmann et al. 1999; Gabriel et al. 2002) . In fact, as much as a third of the entire human diversity of common haplotypes may be contained within single individuals (Pääbo 2003) . However, in spite of this, there is a great tendency in the literature to use a few populations from the extremes of continental landmasses (such as in Fig. 1A ) to make worldwide inferences about substructures in the human gene pool. In fact, because human genetic diversity tends to be distributed clinally, it is especially problematic to sample the extremes of continents because this will create the impression of sharp discontinuities in the distribution of genetic variants.
In this regard, it is worth noting that the colonization history of the United States has resulted in a "sampling" of the human population made up largely of people from western Europe, western Africa, and Southeast Asia. Thus, studies in which individuals from Europe, sub-Saharan Africa, and Southeast Asia are used (e.g., Jorde et al. 1997 ) might be an adequate description of the major components of the U.S. population (e.g., see Kayser et al. 2003) . However, it would be incorrect to conclude that such studies necessarily generalize to subdivisions of the human gene pool on a worldwide scale.
The absence of strong continental clustering in the human gene pool is of practical importance. It has recently been claimed that "the greatest genetic structure that exists in the human population occurs at the racial level" (Risch et al. 2002) . Our results show that this is not the case, and we see no reason to assume that "races" represent any units of relevance for understanding human genetic history. In clinical practice, the "classification" of people into "races," as recently suggested (Risch et al. 2002; Burchard et al. 2003) , could perhaps have some justification as a proxy for differences in environmental and other factors of relevance for public health or to help identify rare disease alleles (Phimister 2003) . However, in the absence of other knowledge, most alleles influencing susceptibility to disease or outcome of medical interventions cannot be expected to show significantly different frequencies between "races." An exception may be genes where different selection regimes have acted in different geographical regions. However, Figure 4 Assignment of Native American individuals using (A) correlated allele frequencies as used in Rosenberg et al. (2002) and (B) uncorrelated allele frequencies. In B, the assignment of the individuals has been determined using all individuals from the first subsample and four inferred populations as in Figure 2 . In A, each bar represents a single individual, and the colors correspond to the coefficients of ancestry. In B, the coefficients of ancestry were averaged over the five individuals for each population. Blue and red segments represent the proportion of ancestry in inferred population B and D, respectively. even in those cases, the genetic discontinuities seen are generally not "racial" or continental in nature but depend on historical and cultural factors that are more local in nature. For example, the hemoglobin S allele that causes resistance to malaria occurs not only in sub-Saharan Africa but also in southern Europe, the middle East, and India . Lactose tolerance occurs both in Europe and in Africa (Sahi 1994) , and the deleted allele of CCR5 that confers resistance to human immunodeficiency virus occurs in Europe as well as in Asia (Martinson et al. 1997) . Thus, even for a rapid and rough evaluation of genetic risk factors, "racial" background is of limited use, and direct analysis of the relevant gene is the only reliable way to evaluate genetic risk in an individual (Cooper et al. 2003) . Fortunately, this will become increasingly possible as the genetic components of more diseases become elucidated.
METHODS
Influence of Sampling Strategy
First, we constructed a population-based data set (Fig. 1A) by selecting five to eight individuals from each of 15 populations studied by Jorde et al. (1995 Jorde et al. ( , 1997 . Individuals were chosen to minimize the extent of missing data at 20 microsatellite loci genotyped in the geography-based data set (see below). In all, 30 individuals came from sub-Saharan Africa, 29 individuals from Southeast Asia, and 30 individuals from Western Europe (see Supplemental Table S1 for more details).
For comparison to this data set, we produced a geographybased data set (Fig. 1B) . We analyzed DNA samples from 90 individuals widely distributed across the globe to roughly reflect the distribution of humans. In all, 20 individuals came from Africa, 36 individuals from Asia, 16 individuals from Europe, 13 individuals from Oceania, and five individuals from Native American groups (Supplemental Table S2 ). These individuals were genotyped for 20 unlinked autosomal microsatellite loci that had been genotyped in the population-based sample (Fig. 1A) by Jorde et al. (1997) . These were chosen to be widely distributed across different chromosomes. Genomic DNA sequences were amplified using 20 ng of genomic DNA from each individual and fluorescence-labeled primers. PCR products were analyzed on an ABI Prism 3100 Genetic Analyser (Applied Biosystem). DNA from two individuals analyzed in Jorde et al. (1997) , kindly provided by L.B. Jorde (Dept. of Human Genetics, Univ. of Utah), were used to calibrate the scoring of allele lengths between the two studies. The geography-based data set has <1.4% missing data, and no individual is missing information at more than two loci.
Reanalyses of the CEPH Diversity Panel Data Set
We reanalyzed a data set of 1066 individuals from the HGDP-CEPH Human Genome Diversity Cell Line Panel (CEPH diversity panel; Cann et al. 2002) , which have been genotyped for 377 autosomal microsatellites at the Center for Medical Genetics at the Marshfield Medical Research Foundation (http://research. marshfieldclinic.org/) and analyzed by Rosenberg et al. (2002) . These individuals were sampled across all five continents and were assigned to 52 different populations. To date, they represent one of the most extensive geographical samplings of human diversity. In our analyses, we considered Bantu speakers from Kenya and from South Africa as two different populations. For some analyses, we equalized the sample size of the different populations by creating three subsamples of 261 individuals from the 1066 individual data set, such that five individuals were sampled from each of the 52 populations present in the diversity panel (plus a single Nilotic individual). Whenever possible, five different individuals from each population were taken for each subsample.
Data Analyses
Individuals were assigned to a prespecified number (K) of "inferred populations" according to their genotype using a Bayesian approach in the program Structure (Pritchard et al. 2000) . The inferred populations are theoretical entities whose allele frequencies are estimated so that the ancestry of the observed individual genotypes can be explained by admixture of one or more inferred population(s). The term "admixture" as used in this study thus refers to the assignment of the individuals into inferred populations by Structure. It does not necessarily imply any actual admixture between any actual historical populations. We used a version of Structure that allows for such admixture and uses noncorrelated allele frequencies among inferred populations (the choice of model is discussed in Results). Every run consisted of 200,000 burn-in steps followed by 100,000 Markov Chain Monte Carlo steps. We ran five independent replicates for each value of K, allowing K to vary between 1 and 6. The five runs always converged to a single representation with similar estimated likelihoods but for one of the three subsamples of the CEPH diversity panel for which two of the five replicates at K = 6 converged to a second solution of similar likelihood but with another assignment of individuals (data not shown).
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